Background
Amyloid-inspired self-assembly of peptides and amino acids into highly ordered fibril assemblies has been exploited for the creation of functional materials [1] [2] [3] [4] [5] [6] [7] [8] .
The emergent properties of peptide-derived self-assembled materials depend on the molecular structure of the assembly motifs. Covalent [9] or non-covalent [10] [11] [12] incorporation of additional functionality into these self-assembling materials is beneficial in forming self-assembly systems with integrated molecular functions. Stimulus-responsive self-assembly is a highly desired function for supramolecular materials [13] [14] [15] [16] [17] .
Recently, development of short peptide sequences decorated with organic p-systems has emerged as a powerful method to tune the properties of self-assembly [9] . Electron-deficient, aromatic 1,4,5,8-naphthalene diimides (NDIs) with well-defined redox and spectroscopic properties have been widely used in p-conjugate systems to fabricate supramolecular nanomaterials [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . For example, incorporation of an electron-deficient NDI functional module into a b-sheet forming dipeptide resulted in n-type one-dimensional nanostructures [30] that can be modified to form self-supporting hydrogels [31] . Ulijn and co-workers [32] have shown that NDI-tyrosine conjugates can be enzymatically combined with Phe-NH 2 to form NDI-YF-NH 2 self-supporting hydrogels. Similarly, Lin et al. [33] recently demonstrated that NDI-Phe-Phe and NDI-Phe-Gly conjugates formed coloured hydrogels under both acidic and physiological conditions. More recently, they demonstrated that equimolar ratios of NDI-lysine and NDI-serine conjugates were able to co-assemble into hydrogels under neutral conditions [34] . Bhosale and co-workers also demonstrated the assembly of several NDI-amino acid and dipeptide systems into distinct materials, including golf ball-like nanostructures derived from an NDI-dipeptide [35] as well as nanobelts formed from co-assembly of NDI motifs containing phosphonic acid groups with L-and D-arginine [36] .
NDI-grafted peptides have also been found to provide precise stimulusresponsive control in initiating supramolecular self-assembly processes. Ghadiri and co-workers investigated the redox-triggered self-assembly of cyclic peptides with alternating L-and D-amino acid sequences in which NDI derivatives were appended to Lys side chains [37] . They found that these cyclic peptides assembled into D, L-a-peptide nanotubes upon reduction of the attached NDI side chain groups. This demonstration of reduction-triggered self-assembly highlights the interesting potential of NDI to influence the supramolecular self-assembly behaviour of NDI conjugates. Examples of supramolecular systems that can reversibly assemble/disassemble or switch between different emergent morphologies in response to stimuli are more rare. We reasoned that the redox potential of NDI makes it an attractive moiety to develop materials that can exhibit altered properties under oxidizing or reducing conditions and that these properties may be switchable as a function of repeated alteration of the redox environment.
As such, we sought to demonstrate that NDI conjugates could be used to reversibly alter supramolecular material properties in a stimulus-responsive manner. Fluorenylmethoxycarbonyl-Phe (Fmoc-Phe) and side chain modified derivatives of Fmoc-Phe are privileged supramolecular self-assembly motifs [38] [39] [40] [41] [42] . We reasoned that NDI may be an effective proxy of the Fmoc-group, and that NDI-Phe conjugates may undergo effective self-assembly into fibrils in which redox environment may influence the nature of the supramolecular materials. We thus synthesized symmetrical, NDI-phenylalanine (NDI-Phe) conjugates 1a and 1b (figure 1). We have previously shown in the context of Fmoc-Phe self-assembly, that pentafluorophenylalanine (F 5 -Phe) has enhanced self-assembly propensity relative to Phe [43] . Thus, both Phe (1a) and F 5 -Phe (1b) NDI conjugates were prepared. The cationic appendages to the Phe-derivative termini were used to enhance the water solubility of these conjugates. It was found that these NDI-Phe conjugates self-assembled into one-dimensional fibrils in aqueous solutions with high ionic strength. Upon reduction, the resulting anionic species affected a conformational rearrangement of the supramolecular fibrils to amorphous aggregates. Upon reoxidation, the fibril morphology was restored. This process was reversible and the cycle could be repeated with the same results each time. Detailed below is a discussion of these findings that elucidate the interesting potential for NDI to be used to alter the emergent properties of supramolecular materials.
Material and methods

Synthesis
The synthesis of NDI congeners 1a and 1b is shown in scheme 1 and described in detail in the electronic supplementary material. These analogues were prepared by a modification to a published NDI conjugation protocol [44] . Briefly, 1,4,5,8-naphthalenetetracarboxylic dianhydride in dimethylformamide was condensed with Phe derivatives to obtain diimide functionalized compounds 2a and 2b. Tert-butyl-(3-aminopropyl)carbamate moieties were appended at the C-termini of these Phe derivatives to yield 3a and 3b. Trifluoroacetic acid-mediated deprotection of N-Boc residues then afforded 1a and 1b. Characterization data, including NMR and mass spectroscopy analysis can be found in electronic supplementary material, figures S1-S14.
Self-assembly
Self-assembly was initiated by dissolving 1a or 1b in unbuffered filtered water (Barnstead NANOpure 0.2 mm filter, 18 V) to obtain NDI-Phe conjugate stock solutions (10 mM). Stock NDI-Phe conjugate solutions were then diluted to 5 mM in aqueous brine solutions (100-1000 mM NaCl).
Circular dichroism spectroscopy
Circular dichroism (CD) spectra were recorded on an AVIV 202 CD spectrometer. NDI-Phe conjugate samples (5 mM) were analysed immediately after dilution into 100-1000 mM NaCl. Spectra were obtained from 300 to 190 nm with a 1.0 nm step, 1.0 nm bandwidth and a 6 s collection time per step at 258C in a 0.1 mm path length quartz cuvette (Hellma). The AVIV software was used for background subtraction, conversion to molar ellipticity and data smoothing with a least-squares fit.
Transmission electron microscopy
Images were obtained with a Hitachi 7650 transmission electron microscope with an accelerating voltage of 80 kV. Freshly prepared rsfs.royalsocietypublishing.org Interface Focus 7: 20160099 samples (10 ml) were spotted onto 200 mesh carbon-coated copper grids and allowed to stand for 1 min. Excess sample was carefully removed by capillary action using filter paper and then grids were immediately stained with uranyl acetate negative stain (10 ml for 2 min). Excess stain was removed by capillary action and grids were allowed to air-dry for 10-15 min. Dimensions of nanostructures were determined using IMAGEJ64 software.
Scanning electron microscopy
Images were taken on a Zeiss Supra 40VP FESEM scanning electron microscope with 10 kV accelerating voltage. Samples were placed on glass plates and excess solvent was removed by capillary action (filter paper). Then the air-dried samples were sputter coated with gold at a 1 Å s 21 rate using low vacuum sputter-coating system under 100 mTorr pressure in 15 mA current.
UV -visible and fluorescence spectroscopy
UV spectra were collected using a TECAN Infinite plate reader fluorimeter from 230-800 nm and background was subtracted. Spectra of each NDI-Phe conjugate sample were obtained from 200 mM samples in H 2 O. The reduced NDI-Phe conjugate samples were prepared by diluting NDI-Phe conjugate stock solutions into aqueous 50 mM Na 2 S 2 O 4 .
Cyclic voltammetry
Cyclic voltammetry (CV) measurements of the NDI-Phe conjugate samples (1 M) were performed with a CHI 680D potentiostat using a glassy-carbon working electrode, a glassy-carbon auxiliary electrode and SCE reference electrode. The CV was recorded for 0.5 mM 1a or 1b in the presence of 0.1 M TBAPF 6 in a 1/1 acetonitrile/H 2 O mixture at room temperature with a mM s 21 scan rate. The instrument was purged with argon 10 min before performing a CV experiment. Under these solvent conditions no assembly was observed, indicating that the observed redox potentials are independent of the assembly properties of the NDI-Phe and NDI-F 5 -Phe conjugates.
Electron paramagnetic resonance studies
Electron paramagnetic resonance (EPR) spectra were obtained with a Bruker X-band EPR spectrometer model EMXplus operating at approximately 9.8 GHz microwave frequency with a high 100 kHz magnetic field modulation frequency at 298 K. A standard EPR cavity was used and the microwave power was kept to a minimum to avoid saturating the radical spins. The magnetic fields and gvalues were calibrated with a standard solid powder sample of diphenyl picryl hydrazyl (g ¼ 2.0036). The EPR of the blank quartz tube was measured to calibrate EPR baseline for the samples. Quartz AquaX EPR tubes were used. The quartz EPR tubes were washed thoroughly with distilled and deionized water and dried before each use. Samples were prepared at concentrations of 5 mM NDI-Phe with 1 M NaCl and 50 mM Na 2 S 2 O 3 .
Results and discussion
Self-assembly of NDI-Phe conjugates
We initially attempted to study the aqueous self-assembly of the 2a and 2b carboxylic acid derivatives, but the poor water solubility of these molecules was limiting. To circumvent the poor water solubility of 2a and 2b, tert-butyl-(3-aminopropyl) amine was coupled to the C-termini of the Phe derivatives of 2a and 2b to provide amides 3a and 3b. Deprotection of the Boc-amine group gave amines 1a and 1b. Compounds 1a and 1b exhibited dramatically improved water solubility.
While other amino acid -NDI conjugates have been previously shown to self-assemble [34] , compounds 1a and 1b failed to self-assemble in simple aqueous solutions. The amine cations of these molecules that impart water solubility also introduce repulsive charge effects that impede intermolecular interactions. Other cationic self-assembling peptide systems have been shown to undergo self-assembly at high ionic strength in solutions with high salt concentrations [16, 45] . At high salt concentrations cationic charges can be shielded and repulsive effects are minimized. Accordingly, we assessed the self-assembly behaviour of 1a and 1b in the presence of increasing concentrations of NaCl. Compounds 1a and 1b were dissolved in unbuffered water (18 V) to obtain homogeneous NDI-Phe conjugate solutions, which were diluted into aqueous brine solutions (5 mM NDIPhe derivative) with NaCl concentrations ranging from 100 to 1000 mM. The least hydrophobic Phe-NDI conjugate 1a showed no evidence of self-assembly as evidenced by extensive transmission electron microscopy (TEM) analysis even after increasing NaCl concentration to 1000 mM. However, the more hydrophobic F 5 -Phe-NDI compound 1b effectively selfassembled into rigid fibrils over a range of NaCl concentrations (100-1000 mM; figure 2). The fibril solutions were optically transparent, indicating that the assembled fibrils remained in a solvated state after assembly. At 100 mM NaCl, 1b formed fibrils of 12 + 2 nm in diameter (figure 2a). As solvent ionic strength increased, wider fibrils ranging from 20 to 30 nm in diameter formed through the apparent bundling of the smaller 12 nm fibrils ( figure 2b,c) . The influence of ionic strength on the self-assembled structure of 1b was also assessed by CD spectroscopy. The CD spectrum of 1b showed a distinctive minimum at 221 nm, a maximum at 194 nm, with a crossover at 205 nm (figure 2d). The intensity of the CD signal increased as the solvent ionic strength increased, reaching a maximum intensity at approximately 500 mM NaCl. These data are consistent with an increased propensity towards self-assembly as solution ionic strength is increased, similar to observations from self-assembling peptide systems [45] . The failure of compound 1a to self-assemble can be attributed to the much lower hydrophobicity of Phe relative to the F 5 -Phe groups found in compound 1b.
Influence of redox environment on self-assembly
The effect of redox environment on the self-assembled fibrils of 1b was next explored. The addition of aqueous sodium dithionite (Na 2 S 2 O 4 , 50 mM), a mild chemical reductant, to selfassembled 1b fibrils resulted in an immediate conversion from fibril to spherical/amorphous aggregates as evidenced by TEM images (figure 3b). The reduced 1b aggregates were globular in appearance, with diameters of approximately 100-200 nm. Also, the optically transparent solutions of the self-assembled fibrils become turbid upon addition of reductant. Upon air oxidation, the globular aggregates begin to convert into protofibril species that eventually (over 16 h) completely revert back to the originally observed supramolecular fibrils ( figure 3b-f) . The transient protofibril intermediates observed during the NDI radical quenching process provide interesting insight into the self-assembly process, providing a glimpse of possible early aggregates formed during 1b fibril assembly. It is also significant that repeated addition of sodium dithionite followed by a period of reoxidation in ambient oxygen causes this morphological conversion to occur in a rsfs.royalsocietypublishing.org Interface Focus 7: 20160099 repeatable manner. This is a significant demonstration of reversible switching from one supramolecular aggregate to another, showing the great potential of NDI conjugates to be used in the design of dynamic supramolecular materials.
Interestingly, our morphological transition from fibrils under oxidizing conditions to globular aggregates under reducing conditions differs from previously observed reductiontriggered assembly of NDI-bearing cyclic peptides. As described in the Introduction, Ghadiri and co-workers [37] previously showed that cyclic D/L-peptides undergo selective assembly under reducing conditions. This was explained based on the assumption that the NDI radical anions that form under reducing conditions enable attractive NDI-NDI interactions possibly due to charge delocalization between stacked NDI residues. This cyclic peptide system is considerably more complex than our simple NDI-Phe conjugates. In addition to putative NDI interactions, the cyclic peptide is also stabilized by formation of an extensive hydrogen bond network. Our NDI-Phe conjugates most likely assemble into structures that are primarily mediated by aromatic effects. Since our NDI conjugate 1b has such a low molecular weight relative to Ghadiri's cyclic peptides, the effect of introducing negative charge to 1b most likely results in a dominating repulsive effect that destabilizes the one-dimensional fibrils in favour of globular aggregates in which repulsive effects are presumably minimized.
We next analysed the nature of the reduced NDI species that exist upon addition of sodium dithionite in order to confirm formation of radical anions. We confirmed the formation of NDI radicals in our system by EPR spectroscopy (electronic supplementary material, figures S15-S17). We analysed both compounds 1a and 1b under conditions in which both were soluble and unassembled in order to simplify the measurements and also to confirm that formation of radical anions alone does not promote assembly of 1b. Under oxidizing conditions, compounds 1a and 1b do not display any EPR signal (diamagnetic). In the presence of chemical reductant, however, both congeners display a characteristic EPR pattern at 298 K that is consistent with radical formation. The isotropic EPR spectra of 1a and 1b in aqueous solutions were obtained using a narrow magnetic field sweep width of 20 G. Both 1a and 1b showed similar EPR spectra (electronic supplementary material, figures S16 and S17, respectively) with 13 lines centred on a free radical g-value of 2.0, indicating free radical formation in both species. Owing to the hyperfine coupling, the main EPR transition of the radical anion is split into two equivalent nitrogen nuclei ( , table S1 . Taken together, these data indicate the formation of a free radical located on the NDI ring. The redox properties of both 1a and 1b were further characterized using electrochemical methods. CV of these congeners was recorded in acetonitrile/water (1 : 1) with tetra-N-butylammonium perchlorate (TBAPC) as the supporting electrolyte (figure 4). Both 1a and 1b exhibited two wellseparated reversible one-electron reduction processes, which are characteristic of sequential reduction of NDI to the mono radical anion (NDI † -) and dianion (NDI 2 -) species. The anion radical was stable in anaerobic environments and compounds 1a and 1b regained their original molecular properties upon exposure to oxidizing conditions. The reduction and oxidation of these species could be repeated over many cycles (electronic supplementary material, figure S18 ) consistent with our observation that the morphological switching of aggregates of 1b is repeatable. Despite the observed differences in self-assembly propensity, both NDI-Phe congeners 1a and 1b possess similar typical photochemical behaviour under reducing conditions. UV-visible (UV-Vis) spectra of 1a and 1b were recorded in unbuffered H 2 O (200 mmol), in the presence of chemical reductant (50 mM Na 2 S 2 O 4 ), and in the reoxidized state after addition of air/O 2 (figure 5). In native state, the spectra of both 1a and 1b exhibit two prominent absorption peaks at approximately 360 nm and 390 nm indicative of NDI p-p* transition polarized along the Z-axis of the NDI chromophore [31] . In the presence of Na 2 S 2 O 4 , chemically reduced 1a and 1b peaks shifted to the visible region (l max approx. 454 nm and 476 nm, respectively), consistent with formation of radical anions [46] . However, in the presence of air/O 2 the peaks shifted back to near UV region (l max approx. 360 nm, 390 nm), confirming reoxidation of these species over time in ambient air.
The fluorescence emission spectra of 1a and 1b in the reduced state were analysed (figure 6). Spectra were collected at excitation wavelength of 476 nm. The fluorescence spectra from 1a and 1b in the reduced state show intense emission maxima (l ex ) at 616 nm with a low energy shoulder at 660 nm (figure 6a). The red-shifted fluorescence emission is indicative of NDI aggregation in the reduced state. The fluorescence quantum yields of 1a and 1b were measured with fluorescein as a standard (F 1a ¼ 0.001 and F 1b ¼ 0.023, respectively) [47] . The low quantum yields obtained for these congeners are consistent with typical N-substituted NDI containing dyes [48, 49] , in which the decrease in fluorescence quantum yield may be due to strong hydrophobic interactions in water. However, in the presence of O 2 /air, fluorescence intensity gradually decreased upon reoxidation to the native state.
As a whole, the EPR, CV and UV-Vis data described herein are consistent with previously reported data on similar NDI compounds [37, 46, [50] [51] [52] . These data suggest the formation rsfs.royalsocietypublishing.org Interface Focus 7: 20160099 of a radical anion and dianion species, which results in the degradation of fibrils and formation of large aggregates upon reduction. It is significant that 1a and 1b have similar redox properties, but that only 1b assembles into fibrils. This affirms the importance of hydrophobicity as a critical driving force in supramolecular assembly processes. It is also possible that the electron-deficient fluorinated benzene side chain the F 5 -Phe conjugates mediates a unique intermolecular p-p effect, accounting for this distinctive assembly behaviour. It also confirms that the self-assembly behaviour of these NDI-Phe conjugates under oxidizing conditions is independent of the redox potential of these molecules. Precise structural insight into the self-assembled fibrils and globules of 1b is impossible to derive from the data reported herein. Analysis of supramolecular structure of peptide and amino acid-based self-assemblies is often initiated using low resolution spectroscopic techniques such as CD and infrared spectroscopy. While these techniques are useful in providing clues about peptide secondary structure and, in some cases, other intermolecular interactions such as p-p effects, they do 
300 400 500 600 700 800 400 500 600 700 800 400 300 500 600 700 800 1a 1b Figure 5 . UV -Vis spectra of compounds 1a and 1b (a) in the native oxidized state, (b) in the reduced state after addition of sodium dithionite and (c) in the reoxidized state.
rsfs.royalsocietypublishing.org Interface Focus 7: 20160099 not provide data of sufficient resolution to build strong packing models of supramolecular structures. To better understand the driving forces of self-assembly, X-ray crystal diffraction can be used. Unfortunately, materials that assemble into high-aspect ratio fibrils are notoriously difficult to crystallize. We were, however, able to obtain high-resolution crystal analyses of several of our synthetic intermediates (compounds 2a, 3a and 3b; see electronic supplementary material, figures S19-S21 and appendices S1-S3). It is tempting to use these structural data to infer models of the self-assembled fibrils of 1b, but we have opted to avoid this temptation. The crystals of these synthetic intermediates were formed in organic solvents that do not accurately reflect the environment of 1b fibril assembly. In addition, these synthetic intermediates lack charge and, in the case of compounds 3a and 3b, include bulky Boc protecting groups on the amine functionality. As such, we suspect, based on the CD data, that intermolecular Phe side chain-side chain interactions occur. We also suspect that NDI-NDI interactions occur based on the morphological changes observed in the aggregates upon radical ion formation. However, we currently resist the proposal of a fibril packing model in the absence of highresolution data that pertain directly to compound 1b in water. While the packing mode of the fibrils of 1b remains unresolved, it is likely that the dramatic change in morphology that occurs upon reduction of the NDI moieties enforces a structural rearrangement that is more tolerant of intermolecular interactions that arise as a function of the negative charge on NDI in the reduced state. While it is premature to assign a distinct structure to the aggregates observed herein, their packing may be related to previously reported NDI -peptide or amino acid aggregates in which side chains stabilize NDI residues and allow for NDI stabilization [9, 19, 31, 37, 53] . Without high-resolution information regarding packing architecture in these aggregates, a detailed understanding of the mechanism(s) at play in the morphological transformations that are observed as a function of varying redox conditions is purely speculative. It is possible that NDI-NDI interactions occur in fibrils, which are then disrupted by Coulombic repulsion upon formation of radical anions under reducing conditions. Upon reoxidation, these repulsive effects are eliminated, enabling reorganization in the fibril packing mode. The ability to control the morphology of these NDI-Phe aggregates via a reductive trigger provides a useful template for future developments in supramolecular materials that respond dynamically to the environment.
Conclusion
Herein we report the stimulus-responsive morphological switching of supramolecular NDI-Phe aggregates in water. The superior self-assembly propensity of NDI-Phe conjugate 1b can be attributed to the greater hydrophobicity of 1b as well as the unique electron-deficient nature of the F 5 -Phe side chain, reaffirming the critical nature of hydrophobic and aromatic effects in supramolecular self-assembly of low molecular weight peptides and amino acid derivatives. The observation of repeatable morphological shifting from supramolecular one-dimensional nanofibrils under oxidizing conditions to globular 100-200 nm aggregates with altered photophysical properties under reducing conditions is a dramatic demonstration of a material that responds dynamically to changes in the environment. These observations indicate the great potential of NDI/peptide-based materials for the creation of dynamic and responsive supramolecular architectures. rsfs.royalsocietypublishing.org Interface Focus 7: 20160099
